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Abstract: PKS 2155-304 is one of the brightest blazar located in Southern Hemisphere, monitored
with H.E.S.S. since the first light of the experiment. Here we report multiwavelength monitoring
observations collected during the period of 2015–2016 with H.E.S.S., Fermi-LAT, Swift-XRT,
Swift-UVOT, and ATOM. Two years of multiwavelength data with very good temporal coverage
allowed to characterize broadband emission observed from the region of PKS 2155-304 and study
potential multifrequency correlations. During the period of monitoring, PKS 2155-304 revealed
complex multiwavelength variability with two outbursts characterized by completely different
multiband properties. The 2015 activity of the blazar is characterized by a flare observed at all
wavelengths studied. The broadband emission observed during the outburst is well correlated
without any time lags. Contrary to 2015, in 2016, only orphan outburst in the optical and ultraviolet
wavelengths was observed. Such an orphan activity is reported for the first time for the blazar
PKS 2155-304.
Keywords: active galactic nuclei; blazar variability; multi-wavelength
1. Introduction
BL Lacertae (BL Lac) type objects and flat spectrum radio quasars (FSRQs) constitute a class of
blazars. According to the unified scheme of active galactic nuclei (AGNs), blazars are AGNs that are
characterized by jets pointing at small angles with respect to the line of sight [1]. The radiative energy
output from these sources is highly dominated with Doppler-boosted nonthermal emission (e.g., [2]).
Blazars are sources that are known for their temporal variability, which can be observed at
different wavelengths and on various timescales (see e.g., [3–6]). The spectral energy distribution (SED)
of blazars, in the ν-νFν representation, is characterized by a double-humped structure. The low-energy
bump in the SED is usually attributed to the synchrotron radiation of ultra-relativistic electrons
accelerated within the jets. The high-energy bump is generally discussed in the context of different
scenarios. In the most popular leptonic explanation, the second bump is interpreted as the inverse
Compton radiation from the same population of relativistic electrons scattering the synchrotron
photons (so-called Synchrotron Self Compton models; for details see e.g. [7,8]) or external photons
from the accretion disc, broad lines region or dust (EC, External Compton model; for details see
e.g., [9,10]). As alternative hadronic scenarios have been proposed (e.g., [11–13]).
The frequency of low energy peak in the blazars’ SED has been used as a parameter to divide
these objects into subclasses of high-, intermediate- and low-energy peaked BL Lac objects: HBL, IBL,
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LBL, respectively [14,15]. In the case of HBL blazars, the synchrotron peak is located in the X-ray range,
for IBL objects in the optical-UV range, and for LBL type blazars in the infrared regime [15].
The blazar PKS 2155-304 (redshift z = 0.116) is one of the brightest HBL type object, located in the
Southern Hemisphere. Its strongly variable non-thermal emission was observed in different energy
bands for already more than 40 years. The object was discovered in the radio frequencies as part of the
Parkes survey [16], and later identified as a BL Lac type blazar [17].
Since 2004, in the very high energy γ-ray regime, PKS 2155-304 was frequently observed with the
H.E.S.S. telescopes, and this resulted in the discovery of different activity states including low flux
level and flaring activity of the object.
In July 2006 ,an exceptional γ-ray flare was detected with H.E.S.S. four telescopes. The outburst
was characterized in the very high energy regime (VHE, E > 100 GeV) with fluxes 40 times the average
flux, and flux doubling timescales of the order of a few minutes. Such an ultrafast variability requires
very large Doppler factors of the jets and suggests that the observed variability is not directly connected
to the central black hole instantaneous activity [18].
The second flaring event detected in PKS 2155-304 in July 2006 was observed during simultaneous
MWL observations with H.E.S.S. and Chandra [19]. It revealed a strong correlation both in flux
and spectrum, with no evidence of lags. However, during the decaying phase of the flare cubic
relation between fluxes for X-ray and γ-ray fluxes has been observed. No universal optical–VHE
correlations were found in the 2006 flaring data. Analysis of longterm VHE monitoring data including
H.E.S.S. observations collected between 2004 and 2012 and Fermi-LAT observations taken between
2008 and 2012 showed that emission observed in the quiescent state of PKS 2155-304 is consistent with
a log-normal spectral behavior [20].
2. Materials and Methods
2.1. VHE γ-Ray Observations with H.E.S.S.
The High Energy Stereoscopic System (H.E.S.S.) is an array of five Imaging Atmospheric
Cherenkov Telescopes (IACTs), located in the Khomas Highland in Namibia. The observations
are performed in the regime of very-high-energy γ rays (VHE, E > 100 GeV) (for details see [21]).
Since 2012, the system consists of four 12 m telescopes, each with a mirror area of 108 m2, a fifth, larger
telescope with a mirror area of 614 m2.
The blazar PKS 2155-304 was observed with the H.E.S.S. telescopes in 2015 and 2016 in 91 and
40 runs, respectively. This corresponds to 36 and 16.5 h of observations. The analysis was performed
using ImPACT analysis chain [22] with the Loose Cuts configuration [21]. Similar results as those
presented in the paper were obtained using an independent analysis chain (the Model Analysis, [23]).
2.2. HE γ-Ray Observations with Fermi-LAT
High energy γ-ray data (HE, E > 100 GeV) collected with the Fermi-LAT in the period of 1 January
2015, and 31 December 2016, have been analyzed using standard Fermi Science Tools (version v10r0p5)
with P8R2_SOURCE_V6 instrument response functions [24]. The analysis was performed using all
events in the energy range from 100 MeV to 300 GeV and zenith angles were limited to 90 degrees.
The region of interest was constrained to have a size of 10 degree and be centered on the source.
As an analysis method binned maximum-likelihood was applied with the Galactic diffuse background
modeled using the gll_iem_v06 map cube, and the extragalactic diffuse and residual instrument
backgrounds modeled jointly using the iso_P8R2_SOURCE_V6_v06 template [25].
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2.3. X-ray and Ultraviolet Observations with Swift-XRT and Swift-UVOT
X-ray, optical and ultraviolet observations collected with Swift-XRT and Swift-UVOT, respectively
with ObsID 00049686003-00049686005 were analysis. These ObsIDs correspond to all data collected in
2015–2016. In the case of X-ray observations, the analysis was performed using HEASOFT v.6.23 and for
spectral fitting XSPEC v.12.9.1 was used. All data were binned in order to have at least 20 counts per
bin and fitted using a single power-law model with a Galactic absorption value of 1.52 × 1020 cm−2
[26] set as a fixed parameter.
In the case of optical/ultraviolet observations, instrumental magnitudes were calculated using
uvotsource. A region of interest and was defined as a circle with a radius of 5 arcsec. Same size region,
located close to the source region, but being uncontaminated with any signal from the nearby sources,
was used in the case of background definition. The flux conversion factors were taken from [27].
The UVOT data were corrected for the influence of the Galactic extinction based on the model from [28]
with the most recent recalibration by [29], using the Extinction Calculator from NED (NASA/IPAC
EXTRAGALACTIC DATABASE).
2.4. Optical Observations with ATOM
In 2015–2016 PKS 2155-304 was also monitored with the 75 cm Automatic Telescope for Optical
Monitoring (ATOM) located in Namibia at the H.E.S.S. site in B and R bands [30]. The magnitude of
each observation was derived using differential photometry using six secondary standard stars located
in the field of view of PKS 2155-304.
The magnitudes have been corrected against the Galactic extinction. For the spectral studies,
ATOM data were also corrected for the contribution of the host galaxy, using the template of an elliptical
galaxy provided by [31] and observations in Gunn filter i [32], with an assumed de Vaucouleurs profile
of the starlight.
3. Results
3.1. Longterm Variability
The longterm multiwavelength light curves presenting observations of PKS 2155-304 performed
in 2015–2016 is shown in Figure 1. From top to bottom panels present: optical fluxes in B and R bands
as observed with ATOM, optical and ultraviolet observations taken with Swift-UVOT, Swift-XRT
flux and photon index, Fermi-LAT flux and photon index, and flux above 200 GeV observed with
H.E.S.S. Fermi-LAT data are binned into 10-day intervals. In all other cases, 1-day bins are used.
Significant variability of PKS 2155-304 is observed at all wavelengths. However, the trends visible in
both years are different. In 2015, an increase of the flux observed at all wavelengths has been observed.
In the VHE γ-ray regime the highest point in the light curve correspond to the flux of about 1.5 ×
10−10 cm−2 s−1, which is an equivalent to 3 times the flux observed from the direction of PKS 2155-304
during its quiescent state as defined in [20]. The larger increasing activity corresponds to constant
Fermi-LAT photon index values and hardening of the X-ray photon flux observed with Swift-XRT. In
2016, there was also flaring activity observed in multiwavelength observations of PKS 2155-304, but in
this case, the flare was detected only in an optical and ultraviolet regime. No counterpart either in X
rays or in γ rays has been observed.
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Figure 1. Multiwavelength light curve of PKS 2155-304 presenting data collected in 2015–2016 with
ATOM, Swift-UVOT, Swift-XRT, Fermi-LAT and H.E.S.S.
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The multiwavelength data provide good coverage of both bumps in the SED of PKS 2155-304 both
for 2015 and for 2016. To quantify the broadband variability, the fractional variability amplitude is
used. It is defined following [33] as:
Fvar =
√
S2 − σ2err
< F >
, (1)
where < F > is an average flux, S2 is the variance, and σ2err is the square mean error. The resulting Fvar
values for different instruments are listed in Table 1. The comparison of yearly variability quantified
with Fvar, shows that the source was more variable in 2015 than 2016.
Table 1. Fractional variability amplitudes for H.E.S.S., Fermi-LAT, Swift-XRT, Swift-UVOT and ATOM
observations of PKS 2155-304 collected in 2015 and 2016.
Instrument Fvar,2015 Fvar,2016
H.E.S.S. 0.68 ± 0.02 0.38 ± 0.05
LAT 0.53 ± 0.05 0.25 ± 0.05
XRT 1.14 ± 0.03 0.62 ± 0.02
UVOT (B) 0.354 ± 0.005 0.234 ± 0.004
ATOM (R) 0.322 ± 0.001 0.29 ± 0.01
3.2. Correlations
The diagram shown in Figure 2 (panel A) presents a color-magnitude diagram, i.e., B-R color vs.
B band magnitude for all optical observation collected with ATOM in 2015–2016. Since the correlation
coefficient for a linear fit to the data is 0.03, no color-flux relation can be claimed in the case of 2015–2016
monitoring of PKS 2155-304.
Panel B and C of the same plot show comparison optical (ultraviolet) fluxes of PKS 2155-304 for
the same period of observations for ATOM and UVOT observations, respectively. For both cases,
strong and significant correlation, with Pearson correlation coefficient of (0.98–0.99) ± <0.01. Errors of
the Pearson correlation coefficients were estimated as described in [34].
The corresponding VHE γ-ray flux changes as a function of the B-band energy flux of the source
are presented in the panel D of Figure 2. The correlation coefficient for the entire set of observations
presented in the figure is 0.45. In the plot, two separate trends (branches) are visible. The lower one
corresponds to the data collected during the orphan optical flare observed in 2015. We note here also
that the plot includes less data than the light curve plot since not for all night simultaneously VHE and
optical observation were taken.
Almost exact simultaneous monitoring that is performed within the X-ray and optical regimes
with Swift instruments, provides perfect data for X-ray-optical correction studies. Such a comparison of
the data studied in this paper is presented in Figure 2 (panel E). In the case of PKS 2155-304 both X-ray
and optical emission is assigned to the low-energy bump in the broadband SED. Thus, the correlation
between both bands can be expected. For the X-ray and optical observations of PKS 2155-304, as shown
in Figure 2 (panel E), the correlation coefficient is 0.45. In the figure two branches are visible: one
which follows positive correlation trend and the second, corresponding to the 2016 orphan optical flare
and it is responsible for a lack of correlation.
The last panel (F) of Figure 2 presents a comparison of the X-ray flux and photon index.
The trend visible in the plot, spectra harden with the increasing flux, provides evidence for a general
harder-when-brighter behavior of the blazar. The correlation coefficient for the set of data presented is
equal −0.75 ± 0.05.
Galaxies 2019, xx, 5 6 of 10
Figure 2. Comparisons of emission observed at different wavelengths. The following panels presents: (A): B−R color vs. the B-band energy flux. (B): Comparison of B
and R fluxes as observed with ATOM. (C): Comparison of optical U and B fluxes as observed with UVOT. (D): VHE γ-ray photon flux of the source also as a function
of the B-band energy flux. (E) Comparison of X-ray flux in the energy range of 0.3–10 keV and optical flux in B band as observed with Swift-XRT and Swift-UVOT,
respectively. Different colors are used to denote PC (blue) and WT (red) mode X-ray observations. (F) X-ray flux in the energy range of 0.3–10 keV and corresponding
photon index. Different colors are used to denote PC (blue) and WT (red) mode X-ray observations.
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4. Discussion and Summary
The extragalactic sky as seen in VHE γ rays (see e.g., tevcat.uchicago.edu) is dominated by blazars.
This population counts about 60 objects. However, most of them have been observed very randomly
and usually during the flaring state. There are only a few extragalactic targets that can be intensively
monitored in the VHE γ rays and detected within the time of one observing run. One of such blazars is
PKS 2155-304, which is monitored with H.E.S.S. since the beginning of its functionality. PKS 2155-304
is a unique blazar that can be significantly detected in the VHE regime within about 1 h of H.E.S.S.
observations, depending on its states of activity. In addition, this makes PKS 2155-304 a perfect target
for studies on long-term spectral and temporal variability.
During the last two decades, multiwavelength observational campaigns have become essential for
studies on blazars’ nature. Despite several observations collected during this period, we have learned
that observed patterns and correlations seemed to vary from object to object, and even for epoch
to epoch in the case of one target (e.g., [35–38]). This is also the case for PKS 2155-304. Large set of
observations including VHE γ-ray data, disclosed complex behavior of the blazar (e.g., [18,19,39,40]).
The monitoring of PKS 2155-304 performed in 2015–2016 also presents different facets of the
source. The multiwavelength set of data revealed well correlated flaring activity observed in 2015.
The presence of correlation between optical, ultraviolet X-ray and γ-ray regimes indicates that same
physical process is responsible for the emission observed at all frequencies. During this period of
observation, the harder-when-brighter trend was also found in the X-ray data. Such a behavior has
been previously reported for several HBL type blazars including PKS 2155-304 [41–43].
The 2016 monitoring data exposed a completely different picture of the blazar. This was due
to the orphan flare observed only in the optical and ultraviolet range. This optical isolated activity
indicates that no obvious relation has been found between emission observed at different wavebands.
We note here that orphan optical activity has been never reported for PKS 2155-304 before.
Studies of the optical observations of PKS 2155-304 collected in 2015–2016 with ATOM and
Swift-UVOT reveal a strong and significant correlation between emission observed in different
optical bands. Comparison of the optical color and optical flux do not exhibit bluer-when-brighter or
redder-when-brighter relation. Previous optical observations of PKS 2155-304 have shown different
behavior of the blazar in this regime. Lack of color-magnitude correlation according to 18 months of
optical data taken with the Kanata telescope was reported [44]. Using the longterm ATOM monitoring
performed during 792 nights in 2007–2012 the only weak bluer-when-brighter trend was noted in
the entire dataset analyzed [45]. However, the authors pointed out two separate branches in the
color-magnitude diagram, with a clear correlation visible in both components.
The H.E.S.S. monitoring data together with other wavelengths observations collected in 2015–2016
again demonstrated that PKS 2155-304 is multifaceted blazar. It is also the argument that simultaneous,
multiwavelength monitoring and deep studied on variability behavior in blazars is the only tool to
search for anomalous events and disclose the nature of these sources.
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